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Abstract
The use of hybrid additive manufacturing (AM) systems is a novel approach in the
fabrication of multi-functional parts. 3D printed electronics are an example of multi-functional
parts fabricated using the Foundry Multi3D System, a hybrid AM system. Previous research has
demonstrated the capabilities of the system by manufacturing RF antennas and satellite panels with
embedded electronics, to name a few. However, research to identify design clearances and
establish a manufacturing process plan had not been performed. The purpose of this manuscript is
to determine the correct clearances for foreign components to be inserted unto a partially printed
substrate. Besides this main purpose, a general manufacturing process plan was also established
for the purpose of inserting foreign components into a partially printed substrate. The paper, then,
focuses on characterizing the effects of component cavities and inserted components (e.g. D-sub
connector) on the part’s overall tensile mechanical properties (e.g. tensile strength). The soldering
method to create a solder joint between an embedded conductor and an inserted component is also
evaluated. Because of the decrease in the part’s tensile strength due to the designed cavity, a
treatment (solvent welding or bonding) is introduced to enhance the interface between the plastic
substrate and an inserted cap, which helps to shield the component and ease printing on top of the
component. The results suggest using a clearance between 0.20-0.30 mm for foreign component
insertion. The designed cavities for a part with an inserted D-sub connector and a cap (D-sub no
treatment specimen) had negative effect on a part’s overall strength by decreasing the tensile
strength by 58.5%, when compared to a solid printed polycarbonate part. The treatment played a
beneficial role by increasing the specimen’s tensile strength by at least 10.4%.
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Chapter 1
Introduction
Additive manufacturing (AM) is a technology in which a design is manufactured on a
layer-upon-layer basis from a 3D model made using computer-aided design (CAD). The AM
industry has been actively growing over the past decade, with an average growth of 23.3% since
2016 (Wohlers, 2020). This technology provides more design freedom than traditional
manufacturing methods (e.g. subtractive manufacturing) as it can produce more complex
geometries because it does not require tooling or cutters to access hard-to-reach sections. AM can
be paired with optimization software to produce highly complex parts to outperform traditionally
manufactured parts. Other advantages of AM are the shortening of lead time of products,
decrements of material waste, and number of components in a complex assembly. Even though
AM poses an attractive alternative to conventional manufacturing processes, it presents its own
challenges including requirement of post-processing for parts (e.g. support removal), anisotropy
of mechanical properties of parts, and poor surface quality when compared to other conventional
manufacturing processes.
The requirement for post-processing of AM parts opened a new field of research of hybridadditive manufacturing. Hybrid-additive manufacturing is a manufacturing process where AM is
combined with other manufacturing processes to produce a functional part. Typically, these
systems combine AM with machining to improve the surface quality of a part. There are multiple
hybrid-additive manufacturing systems that are used for the prototyping of multi-functional parts.
The Foundry Multi3D System (M3DS) in the W.M. Keck Center for 3D Innovation at The
University of Texas at El Paso (El Paso, TX), UTEP, is an example of a hybrid-additive
manufacturing system that combines AM, specifically fused deposition modeling (FDM), with
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other processes (e.g. machining and wire-embedding) to produce multi-functional parts (e.g. 3D
printed electronics).
1.1 MOTIVATION
The M3DS is an attractive approach on reducing the production time of multi-functional
parts by carrying out diverse manufacturing processes in one central system as opposed to
conventional manufacturing where parts must be translated between different manufacturing
stations that may not be in the same location. However, even though the system is capable of
prototyping multi-functional electronics, where printed substrates contain inserted electronic
components and embedded interconnect, the process plan and design guidelines have not yet been
established. The design guidelines include clearances for ease of insertion of foreign components
and feature design for shielding components and ease of printing. Providing general guidelines
should enable the reader to use them for multi-functional part design of any component geometry.
Once the design is finished, a process plan needs to be established. This process plan
enables the operator to carry out different processes (e.g. component insertion) at specific stages
of the manufacturing process. Without a process plan, the manufacturing process could be fatal for
the printing process, causing the FDM printer to, potentially, collide with an inserted electrical
component and, therefore, breaking the continuity in the embedded circuitry on the partially
printed part. It could also lead to print defects, or dimensional inaccuracies, when printing on top
of inserted components whose surfaces may not be planar or depositing across gaps where the
extruded material may sag between the foreign electrical component and the partially printed
substrate.
The effect of introducing foreign components into a cavity within the printed plastic
substrate has not been investigated. Creating a cavity in the plastic part will impact mechanical
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properties when comparing a full printed part against a part with an inserted component. The data
obtained from this study will serve to determine if a multi-functional part can work under subjected
loading conditions.
1.2 OBJECTIVES
•

Identify a process plan to embed electronics in multi-functional parts
manufactured with the M3DS.

•

Establish guidelines for design and fabrication of cavities and caps meant to house
electronic components within a partially printed part.

•

Characterize different cap treatments to inform process modifications and
enhance mechanical properties of printed parts containing electronic components.

•

Mechanical characterization of solder joint between a conductive path (e.g.
copper wire) and the embedded electronic (e.g. printed circuit board).
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Chapter 2
Literature Review
2.1 ADDITIVE MANUFACTURING
Additive manufacturing (AM), commonly referred to as 3D printing, is defined by the
American Society for Testing and Materials (ASTM) committee F42 as a process of joining
materials to make parts from 3D model data, usually layer upon layer; contrary to subtractive
manufacturing where material is subtracted from a stock piece (ISO/ASTM 52900, 2015). AM has
been around since the 1980s; with the first patent awarded to Charles Hull, founder of 3D Systems
Inc (Valencia, CA), in 1984 for the first stereolithography apparatus (U.S. Patent 4,575,330). This
patent claimed a system which generates a 3D object by creating a cross-sectional pattern of the
object formed at a surface of a fluid medium which alters its physical state in response to a certain
synergistic stimulation (e.g. ultraviolet light). Since then, technology has made way for more AM
systems for different materials.
Gibson et al. (2015) described the general AM process into eight steps:
1. Computer Aided Design (CAD) – A software model describing the external
geometry of the part.
2. Conversion to Standard Tessellation Language (STL) – The CAD file is converted
into a de facto standard file describing the external closed surfaces of the original
model. There is work currently being done to remove this step. For example,
Dyndrite software takes CAD data to generate machine instruction, removing the
need for an STL.

4

3. Transfer to AM and STL file manipulation – The STL file must be transferred to
the machine; there may be some manipulation so that it is the correct size, position,
and orientation for building.
4. Machine setup – The machine must be setup to proper material constraints, energy
source, layer thickness, etc.
5. Build – The machine process is started and is mainly an automated process (only
superficial monitoring required).
6. Removal – Once the build process is over, the part is to be removed from the
machine. This requires some interaction with the machine, which may have safety
interlocks to ensure the safety of the operator and the part.
7. Post-processing – Once removed, the part may require cleaning before application
(e.g. support removal).
8. Application – Parts are ready to be used; however, parts may require additional
treatment, such as painting or assembling.
Research efforts in different areas of the AM process have developed more innovative
approaches for the AM process. For example, Hiller and Lipson (2009) proposed a new additive
manufacturing file (AMF) format to replace the STL file format. The STL file format only provides
information regarding surface geometry, but it does not provide any other information (e.g.
material). Several people have attempted to replace the current STL file; Pratt et al. (2002)
investigated the feasibility of using an Application Protocol for STEP files specifically for rapid
prototyping. They concluded that STEP files could be used with a developed Application Protocol;
however, it is significantly advantageous over the standard STL file format used. The proposed
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AMF format from Hiller and Lipson (2009) would allow the part to be defined in regions; and
each region would be associated with a base material or a combination of other materials.
AM, as stated in a previous chapter, presents several advantages over conventional
manufacturing (e.g. machining) processes. Ford and Despeisse (2016) described sustainability
advantages and challenges of using AM by analyzing the manufacturing process in different stages
(such as product design and material input). Some of the sustainability advantages and challenges
are shown in Table 1. An example of AM being used is the engine bracket challenge held by
General Electric (GE). GE held a design challenge where competitors were tasked with
redesigning an aircraft engine bracket. The contestants did not necessarily have to use AM as a
manufacturing method; however, it was highly encouraged. The winner was able to reduce the
original part’s weight by 80% without reducing its load-bearing capacity using AM as the
manufacturing method (Carter et al, 2014).
Table 1 Additive Manufacturing sustainability advantages and challenges (Ford and Despeisse,
2016)
Advantages
Challenges
Design freedom for complex structures

Validating material properties

Localized material recycling

Limited recyclability of plastics

Reduced waste generation

Limited quality and aesthetics of products

Lightweight products

High machine costs

Reduced time between design and manufacturing

Certifying materials for AM

2.1.1 Seven Categories of Additive Manufacturing
AM technologies can all be categorized into one of seven different process categories
defined by ASTM committee F42. The categories are as follows (in alphabetical order): binder
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jetting, directed energy deposition, material extrusion, material jetting, powder bed fusion, sheet
lamination, and vat photopolymerization (ISO/ASTM 52900, 2015).
Binder jetting is an AM process in which a liquid binder is selectively deposited to join
powder materials (ISO/ASTM 52900, 2015). The printing process is carried out by a print head
dispensing a bonding agent unto a powder bed. This powder bed is then removed as a whole, and
the non-adhered powder is removed during cleansing. The obtained part is a brown body, which
then gets placed into a furnace to burn off the bonding agent. Once the bonding agent is burnt off,
this part (known as a green body) goes through either sintering or infiltration to finalize the process.
This AM category is commonly known for the manufacturing of ceramic preforms. It can be used
to manufacture metal parts but, due to high temperature gradients during the sintering process, the
part shrinks and its dimensional accuracy decreases. The process has several advantages over the
other six AM processes, when dealing with ceramic preforms, such as color printing, material
preparation, and a wide range of ceramic powder material options (Lv et al., 2019).
Directed energy deposition (DED) is an AM process in which focused thermal energy is
used to fuse materials by melting as they are being deposited (ISO/ASTM 52900, 2015). The
materials feedstock can come in both powder and wire forms. This process is mainly used for
manufacturing of metals; however, ceramics obtained from DED are part of a ceramic or metal
matrix composite (Farayibi et al., 2019). This process category is commonly used for the repair of
cracking and/or worn surfaces in/on metal parts. It is also common to see this process sold as part
of a hybrid manufacturing system (Flynn et al., 2016) due to surface roughness obtained from
large layer thicknesses.
Material extrusion if an AM process in which material is selectively dispensed through a
nozzle or orifice (ISO/ASTM 52900, 2015). Material extrusion is the most common AM process
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used due to its simple machine setup and ease of operation. Fused deposition modeling (FDM),
ore more generically, fused filament fabrication (FFF), is an example of the material extrusion
category where a thermoplastic filament is fed by a roller into a heating chamber, liquefied, and
extruded though a nozzle. Aside from FDM, there is work with material extrusion without the use
of FDM technology. Pierson et al. (2018) used direct writing to extrude a thermosetting based
composite with a pneumatic dispenser. The thermoplastic material feedstock in this process
category normally comes in two different forms: pellets and filament. The pellet feedstock is
mainly used in research fields, where people try to mix new materials together, and in large scale
material extrusion like the Big Area Additive Manufacturing, BAAM which is commercially
available through Cincinnati Inc. located in Cincinnati, OH; and filament feedstock is used for
printers that do not require a high volumetric flow rate during the printing process.
Material jetting is an AM process where droplets of materials are selectively deposited
(ISO/ASTM 52900, 2015). It started with the printing of wax materials (Seerden et al., 2001) and
expanded to process photopolymers (Bass et al., 2016). The process is known for its high printing
speeds and high resolution in printed parts due to its similarity to inkjet printing, which also enables
this process to be scaled up to larger building volumes.
Powder bed fusion is an AM process in which thermal energy selectively fuses regions of
a powder bed (ISO/ASTM 52900, 2015). The process machines have three main components: a
powder bed, where the powder will be fused; a powder feeder, which places the powder layer to
be fused; and a heat source, either an electron beam or a laser. This manufacturing technology can
be used for the fabrication of polymers using laser sintering, LS, (Yuan et al., 2017) and metals
using laser powder bed fusion (Uddin et al., 2018) and electron beam melting, EBM, (Hossain et
al., 2016).
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Sheet lamination is a process in which layers of material are bonded to form a part
(ISO/ASMT 52900, 2015). These materials can be bonded either chemically (e.g. adhesives) or
mechanically (e.g. solid-state bonds). The chemical adhesives are mostly used for paper and
plastics; and the solid-state bonds are formed with ultrasonic welding between two metals plates.
Norfolk and Johnson (2015) used ultrasonic AM to print heat exchangers out of metal.
Vat-photopolymerization is a process in which a liquid photopolymer in a vat is selectively
cured by photopolymerization (ISO/ASTM 52900, 2015). Stereolithography, invented by Chuck
Hull in 1986, falls under this category of AM. This process has three main configurations: vector
scan, two-photon, and mask projection. This category is known for its high accuracy. The twophoton configuration is known to be a type of nanoscale vat photopolymerization, having
resolutions of about 100 nm (Medellin et.al., 2019). This category uses only photo-reactive
polymers as material feedstock. Current research efforts aim to use novel composite materials (i.e.
a photocurable resin with carbon fibers) to print with this process category (Asif et. al., 2020).
Table 2 Additive Manufacturing categories and example technologies and materials
Process category

Example technology

Common materials

Binder Jetting

ExOne Binder Jetting

Ceramics and metals

Directed Energy Deposition

Laser Engineered Net Shaping

Metals

Material Extrusion

Stratasys’ Fused Deposition Modeling

Thermoplastics and slurries

Material Jetting

Drop-On-Demand Jetting

Wax materials and photopolymers

Powder Bed Fusion

Selective Laser Melting

Metals and polymers

Sheet Lamination

Ultrasonic AM

Metals and paper

Vat-photopolymerization

Stereolithography

Photopolymers
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2.1.2 Fused Deposition Modeling
Fused deposition modeling (FDM) is a technology falling under the material extrusion
process category. It was patented in 1989 by Scott Crump, founder of Stratasys Inc. (Eden Prairie,
MN) (U.S. Patent #5,340,433). The process consists of material controllably fed by an electric
motor relative to the print head movement. The material, which could be in pellet or filament form,
is fed to a heated liquefier where it is liquefied. Then, the material is dispensed through a nozzle
and deposited onto a platform. Some FDM systems, mainly Stratasys’ FDM systems, have a dual
extruder printing head. The first extruder is used for model material, the desired material used for
the part; and the secondary extruder is used for support material, which can be a different material
that can be removed after the part is finished printing. Figure 1 shows an FDM print head diagram.
The material used in FDM is commonly an amorphous thermoplastic, for example: thermoplastic
polyurethane (TPU), acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polycarbonate
(PC), polyetherimide (PEI), polyether ether ketone (PEEK), etc. This technology is the most used
3D printing technology in the world. After the patent expiration in 2009, many startup companies

Figure 1 Fused deposition modeling filament print head diagram
10

began to develop their own FFF machines. Gibson et al. (2015) analyzed several of Terry Wohlers
reports (2008-2013) and concluded that 3D printer sales substantially increased after 2009.
Ten years after the FDM patent, Stratasys patented a heated environment to shield the part
from temperature drops. These temperature drops, or temperature gradients, are a great issue with
this technology due to the creation of residual stresses that are present in the direction of the printed
patterns once the material temperature drops below its glass transition temperature (Tg) (Nairn and
Zoller, 1985). Kantaros and Karalekas (2013) used Fiber Bragg Gratings (FBGs) to track the
residual strains on printed FDM parts and found that different printing parameters (such as layer
thickness and pattern orientation) influence on the amount of residual strain seen on the printed
part. For example, when comparing a 0.05 mm layer thickness and a 0.25 mm layer thickness, a
tenfold reduction was noted with infill direction of 0° (along the long side of specimen). The
residual stress was noted to decrease by ~65% using an infill of 90° and changing layer thickness
from 0.5 mm to 0.25 mm.
It has been well documented that under the same loading conditions, FDM print parameters
have an effect on a part’s performance; print parameters may include print orientation, contour and
raster width, air gap, raster angle, layer thickness, and infill percentage. Shojib Hossain et al.
(2014) perform mechanical tensile tests of polycarbonate specimens printed with an FDM machine
(100% infill) varying print orientation, air gap, contour and raster width, and raster angle. They
concluded that changing a raster-to-raster air gap to a negative value (-0.013 mm) for specimens
printed in the XYZ-direction, the highest increase in tensile strength (UTS) was of 19% (44.8 MPa
to 53.2 MPa) using a raster angle of 30°/60°; for specimens printed in the XZY-direction, the
highest increase in UTS was of 8% (57.9 MPa to 62.8MPa) using 0°/90°; and in the ZXY-direction
the highest increase in UTS was of 31% (26.9 MPa to 35.3 MPa) using a raster angle of 30°/60°.
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Material development for FDM printing is an ongoing research field. Due to the simplicity
of material preparation for FDM machines, composite materials can be researched for the printing
of multi-functional parts (e.g. electronics). Conductive materials, using a thermoplastic polymer
matrix with a conductive reinforcement, have been developed for printing with FDM. Kim et al.
(2017) researched the feasibility of using thermoplastic polyurethane (TPU) mixed with carbon
nanotubes (CNTs) to develop sensors for multiaxial forces; and Marasso et al. (2018) researched
the use of polylactic acid (PLA) mixed with graphite to produce temperature sensors.
Another advantage of FDM printing is the feasibility of it being scaled up. Large area
additive manufacturing is also a growing research field within FDM. It started with the
development of the Big Area Additive Manufacturing (BAAM) machine created by Cincinnati
Inc. (Cincinnati, OH) in collaboration with Oak Ridge National Laboratories (Oak Ridge, TN).
This machine has a max print volume of 240” x 90” x 72” with a single screw barrel extruder
printing up to 80 lbs/hr of material.
2.2 HYBRID MANUFACTURING
Zhu et al. (2013) reported hybrid manufacturing (HM) as a vague term across literature
with different research having distinct definitions of HM. However, Zhu et al. (2013) also reported
that the International Academy for Production Engineering (CIRP) proposed an open definition
for HM in 2011:
•

A HM process combines two or more established manufacturing processes into a
new combined set-up whereby the advantages of each discrete process can be
exploited synergistically.

HM is used in the production of multi-functional parts (e.g. electronics). For example, a
circuit board is manufactured through a hybrid process as it involves board cutting and drilling,
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etching of unwanted copper, plating of through holes (using vertical interconnects), plating of areas
to be soldered with solder, covering any other area with solder resists, and silk screening the board
to add text features to it. Afterwards, the board is tested and then shipped for the assembly of
components. Zhu et al. (2013) defined seven research areas in hybrid processes dealing with
different combinations of five manufacturing categories (subtractive, additive, joining, dividing,
and transformative) with Table 3 showing examples of each:
•

Hybrid subtractive manufacturing – Processes aiming to increase performance on
material removal rates, surface integrity, and tool wear.

•

Hybrid transformative manufacturing – Processes combining only transformative
manufacturing operations.

•

Hybrid additive manufacturing – Processes combining two or more AM processes.

•

Hybrid additive and subtractive processes – Processes where AM is used to build a
near-net shape and subsequently machined to a final shape.

•

Hybrid joining and subtractive manufacturing processes – Processes with a
subtractive process (e.g. milling) and a joining process (e.g. welding).

•

Hybrid additive and transformative manufacturing processes – Processes where
AM and transformative processes are combined.

•

Hybrid subtractive and transformative manufacturing processes – Processes where
transformative operations are used as assistant tools in subtractive processes.
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Table 3 Hybrid Manufacturing Research Area Examples
HM research area
Example
Hybrid subtractive manufacturing

Mechanical and electric discharge machine

Hybrid transformative manufacturing

Laser heat treatment and sheet metal forming

Hybrid additive manufacturing

Multi-material deposition

Hybrid additive and subtractive
manufacturing
Hybrid joining and subtractive manufacturing

Directed energy deposition and machining

Hybrid additive and transformative
manufacturing
Hybrid subtractive and transformative
manufacturing

Selective laser melting and laser erosion

Milling and welding technologies

Cryogenic machining

These seven research areas in HM are further categorized as either hybrid manufacturing
or sub-hybrid manufacturing; with hybrid processes involving different processes from different
manufacturing technologies and sub-hybrid involving different processes from the same
manufacturing technology (Zhu et al., 2013). This thesis focuses on additively based hybrid
manufacturing processes to produce multi-functional parts.
2.2.1 Foundry Multi3D Manufacturing System
The Foundry Multi3D Manufacturing System (M3DS) developed at the W.M. Keck Center
for 3D Innovation in The University of Texas at El Paso is an example of an additively based
hybrid manufacturing system. This system contains two Fortus 400mc (Stratasys Inc., Eden
Prairie, MN) FDM 3D printers, one Techno LC 3024 computer numerical control (CNC) router
(Techno CNC Systems, Ronkonkoma, NY), and a Yaskawa MH-50 robot arm (Yaskawa Electric
Corporation, Kitakyushu, Japan) (Ambriz et al., 2017). The FDM printers represent the AM part
of the system, while the CNC router carries out different manufacturing processes (e.g.
machining). The robotic arm serves to transfer a build platform (onto where a part is printed)
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six-axis robot
arm
FDM 1

CNC router

Figure 2 Multi3D System CAD concept (courtesy of Ambriz, 2015)
between stations (FDM printers and CNC router). Fig. 2 shows the layout of the stations in the
M3DS (Ambriz, 2015).
The M3DS is capable of performing sub-hybrid and hybrid manufacturing processes. The
sub-hybrid process would be utilizing both FDM machines to print one single part using different
materials. Ambriz et al. (2017) utilized this sub-hybrid process to create a demo part with one
FDM machine set to print white polycarbonate and the second FDM was set to print black
polycarbonate. The FDM machines were set to deposit two layers of polycarbonate at a time,
leaving cavities on its second layer, where material from the other FDM machine would be
dispensed after the robotic placement of the part within said machine (Ambriz et al., 2017).
As established previously, the M3DS can perform hybrid processes. The system can
perform different hybrid processes falling on different research areas. The CNC router can adapt
several tools to be mounted on its gantry to carry out different manufacturing processes. One tool
would be a milling spindle, which enables the subtractive manufacturing part of the M3DS.
Coronel et al. (2017) worked with the subtractive tool to compare the surface roughness between
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as-printed parts and parts machined after printing. Surface roughness decreased from 19.61 µm to
2.50 µm.
Another tool would be a wire embedding tool, which can embed copper wires into the
substrate with the intent of creating conductive patterns. The tool has two different designs each
using a different approach to embed the wire: a thermal wire embedder and an ultrasonic wire
embedder. Shemelya et al. (2015a) used the ultrasonic wire embedding tool to embed a sensor
(either copper mesh or copper wire) into a 3D printed PC structure along with a microcontroller,
which would turn an LED on/off depending on the signal from the sensor. Another product
obtained from the ultrasonic tool is embedded radio frequency (RF) antennas into a 3D printed
structure (Shemelya et al., 2015b). The thermal embedding tool has been used in the fabrication
of a satellite panel with multiple wire embedding layers interconnected to form a fully functional
circuit (Coronel et al., 2017). A foil embedding tool was also adapted to the CNC router to embed
conductive foils into a 3D printed substrate. This tool has been used in the fabrication of 3D printed
patch antennas (Shemelya et al., 2016).
Additionally, a tool for component placement was developed to automate the process of
the insertion of foreign components into a 3D printed plastic substrate. This tool utilizes a vacuum
system with suction cups at the end of the end-effector that hold the foreign component when
vacuum is triggered and release when it is un-triggered. This tool has been used for the fabrication
of a missile seeker, where the placement tool is utilized to place different components (e.g. optical
lens) along the printing direction of the part (Coronel et al., 2017).
Ongoing research aims to integrate a laser-soldering system to the M3DS. This system will
include a machine vision system, that will allow to determine soldering targets, and a laser
soldering tool which will create the solder joint at a specified target.
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2.3 MULTIFUNCTIONAL 3D PRINTED PARTS
Multifunctionality in AM can be defined broadly as the introduction of any additional
functionality beyond rendering a basic shape (MacDonald and Wicker, 2016). MacDonald and
Wicker (2016) listed the following functions provided beyond basic 3D printing: transducing
(actuating or sensing), thermal management, electromagnetics, energy storage, and propulsion
utility. Some examples of multifunctional 3D printed parts are shown in Figure 3.
Lopes et al. (2012) created a manufacturing environment that combines the AM technology
of stereolithography (SL) with direct print (DP) to produce multi-functional 3D electronics. This
system utilized conductive inks as the conductive material for the circuitry designed in the part.
An issue with this system was the use of low temperature curing conductive inks due to the SL
print material capabilities, which provide suboptimal performance in terms of conductivity
(Espalin et al., (2014). Espalin et al. (2014) also proposes using a solid copper wire embedded into
thermoplastic substrates instead of conductive inks in photocured polymers due to copper’s lower
resistivity, 11.8x10-8 Ω for Dupont Ink CB028 Silver compared to 1.7x10-8 Ω for copper wire, and
the thermoplastic’s enhancement on impact resistance (e.g. 12 J/m for Somos ProtoTherm 12120
UV post-cured to 106 J/m for ULTEM 9085).

Figure 3 (A) A cylindrical patch antenna, (B) an Archimedes antenna, and (C) a multiple
patch antenna (courtesy of MacDonald and Wicker, 2016)
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Insulators for an electrical system may be subjected to electrical, thermal, and mechanical
stresses. The effects of thermal and electrical loads on FDM printed polycarbonate with embedded
copper wires were studied by Billah et al. (2019). Billah et al. (2019) work was focused on how
the porosity of 3D printed polycarbonate affects the breakdown strength, thermal conductivity,
and heat dissipation. They concluded that breakdown strength increased when comparing asfabricated parts versus heat-treated parts, which were placed in an oven at 165oC (5oC higher than
the glass transition temperature of the substrate) for 2 hours, due to the lower porosity seen on
heat-treated parts (Billah et al., 2019). The number of wires also played an effect on breakdown
strength when comparing one-embedded wire to two- or three-embedded wires; however, the
comparison from two- to three-embedded wires yielded, essentially, the same breakdown strength
due to the electric field between wires being similar for both cases (Billah et al., 2019).
For thermal loads, Billah et al. (2019) studied the effect of porosity on the surface
temperature of the same samples established before. The embedded wire would generate heat via
Joule heating and thermocouples would record temperatures on the surface of the coupon (Billah
et al., 2019). The as-fabricated parts showed lower surface temperature when compared to heattreated parts due to their higher porosity and air having a lower thermal conductivity against the
polycarbonate substrate. The specimens with three-embedded wires showed the highest surface
temperatures of all due to the larger length of copper overall in the substrate, which presents a
higher electrical resistance and, therefore, higher heat generation (Billah et al., 2019).
Parekh et al. (2019) shows a growing interest in using printed carbon nanotubes and
graphene because of their remarkable electrical properties. There is also work from Jost et al.
(2013) that uses carbon fibers for their conductive capabilities in supercapacitors for applications
in wearable electronics. The work done by Jahangir et al. (2019) shows the embedding of
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continuous carbon fiber to structurally reinforce 3D printed polycarbonate substrates using the
M3DS. The carbon fiber was embedded with an ultrasonic tool like the wire embedding tool in the
M3DS. The results obtained by tensile testing showed an increase in yield strength of 77% when
comparing FDM printed neat polycarbonate versus FDM printed polycarbonate with 0.04 volume
fraction of carbon fiber (Jahangir et al., 2019).
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Chapter 3
Methodology
The manufacturing of multi-functional electronics using Multi3D manufacturing
technologies, such as the Foundry Multi3D System, is a novel method of producing 3D printed
electronics. This method allows for the fabrication of electronics in a shortened amount of time.
Manufacturing guidelines for these parts have not been established; therefore, this thesis aims to
provide some insight in this matter by establishing design guidelines and characterizing the
mechanical properties of these multi-functional electronics. Given the limited amount of work
done in this subject, specimens and tests performed in this work were created following
standardized procedures as close as possible.
Multi-functional electronics can have a connector that provides access to circuitry within
the part. These connectors vary in shapes and dimensions; therefore, a standard cavity for any
connector cannot be created as it could be oversized for the connector and would allow the
component to move within the structure, possibly leading to discontinuities between the connector
and circuit path; or it could be undersized, and the connector could be an obstruction to the motion
of the print head leading to printing error.
A manufacturing process plan (MPP), also, has not been found for manufacturing multifunctional electronics using the Multi3D manufacturing process. It is critical to establish a process
plan for the insertion of foreign components into a 3D printed plastic substrate for many reasons
like the following:
•

arrange circuitry for secondary processes simplification

•

analyze order of operations

•

identify component threats (e.g. collisions, high temperatures)
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•

create or determine alignment features for homing of secondary processes

Arranging the circuitry for secondary processes simplification gives the operator the
freedom to change the layout of components within the part to facilitate manufacturing. For
example, the manufacturing of a part using the Mutli3D involves removing and replacing said part
from one station to another. These switches between manufacturing stations involve risks as the
part is held onto a build plate via a build sheet and vacuum. The build sheet can, potentially, lose
vacuum due to thermal gradients. These thermal gradients contract/expand the part, which can
become misaligned with other processes. The least number of switches between stations decreases
misalignment and decreases the chances of losing vacuum, both of which lead to stopping the
manufacturing process.
Analyzing the order of operations allows the operator and designer to determine the correct
layers where 1) pauses are to be inserted and 2) secondary processes need to be performed. For
example, the plane containing embedded wires cannot be placed under a connector’s PCB because
it would be impossible to create a solder joint between them. The operator and designer need to
work together to determine the correct orders for the part fabrication. The designer would be in
charge in creating features, within the part, needed for the secondary processes (e.g. cavities for
wire embedding). The operator would slice the part and insert pauses at the proper layer height.
The operator would also oversee the creation of code for the manufacturing processes. The
manufacturing process planning document ties the activities of the designer and operator.
The order of operations analysis goes together with identifying component threats. The
most common threat is collisions between the component and the moving print head while printing
on top of the component. Another threat for components is exposure to high temperatures from the
printer’s chamber and head. Polycarbonate is extruded at a temperature of ~350C, a high
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temperature that only a small number of electrical components are rated to withstand. It is the
operator’s duty to determine an effective way to shield or reduce exposure of these components
from the high temperatures to avoid component malfunction once the part is finalized.
This thesis will provide design guidelines for component insertion into 3D printed
thermoplastic substrate and characterize the tensile mechanical properties of the multi-functional
part (by creating tensile specimens, i.e. dogbones), and the solder joints between the embedded
wire and a component. A manufacturing process will be established as part of the specimen
fabrication. The process may or may not include a treatment for the part; therefore, the treatment
will be characterized as well.
3.1 DESIGN OF SPECIMENS
The specimens used in this thesis are used to demonstrate the design parameters for foreign
component insertion into partially printed FDM plastic parts; characterize the effect on mechanical
properties caused by foreign component insertion, fastening and by different cap treatments; and
characterize the solder joint between a foreign component (i.e. traditional printed circuit board,
PCB) and the wire embedded into the plastic substrate. This chapter section will focus on the
designing of specimens made for this thesis:
•

clearance specimens

•

tensile specimens (with/without D-Sub connector and cap)

•

solder joint specimens (shear and pullout)

3.1.1 Clearance Specimens
The insertion of foreign components into partially printed substrates require a cavity for
the component to be placed unto. This cavity must have alignment features, to prevent the
components from misalignment. These features must have the correct clearances for an effortless
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placement of components. The cavity clearances have not been determined; therefore, the
specimens designed next aim to provide guidelines of what clearances should be used to insert
foreign component into partially printed thermoplastics.
When designing cavities in parts printed using FDM, the designer must consider an
important factor: thermal expansion/contraction. Thermal expansion/contraction is a physical
response of changing a material’s volume due to a temperature change. The relation between a
change in a linear dimension per unit length and a change in temperature is called coefficient of
thermal expansion (CTE). A positive CTE indicates that with an increase of temperature, a
material’s linear dimension would also increase; and, with a decrease of temperature, a material’s
linear dimension would also decrease. There are materials (e.g., carbon fibers, zirconium tungstate,
hafnium molybdate) with a negative CTE, in which the effects are flipped, meaning there is an
increase in volume with a decrease in temperature and a decrease in volume with an increase in
temperature. The materials utilized in this research all have a positive CTE.
The printer used for manufacturing all specimens was a Fortus 400mc (Stratasys Inc., Eden
Prairie, MN). Recall that Stratasys FDM machines utilize a temperature-controlled environment,
to mitigate residual thermal stresses within the part and promote bonding between beads, and the
set temperature for printing polycarbonate (chosen material for all experiments) is 145C. This
means that the material was exposed to a higher temperature inside the printer as opposed to the
room temperature (27C) outside the printer. The removal of the partially printed part from the
printing environment exposed the part to a thermal shock leading to contraction due to a decrease
in temperature.
It is imperative to consider this thermal shock as the cavities would be largest inside the
printer (Fig. 4a). Due to this, the designer would rightfully think that it would be easier to insert
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a)
b)
Figure 4 a) Thermal expansion due to temperature increase from CNC to printer oven; and b)
thermal contraction due to temperature decrease when transporting part from
printer oven to CNC
the foreign component inside the printer, even though the cap to be inserted is largest inside the
hot environment. The other method is to insert the cap outside of the printer, where the cap would
be smallest (due to thermal contraction). However, in this situation, the cavity would be smallest
too (Fig. 4b), complicating the insertion process. The insertion was carried out inside the printer,
as exposing the part to thermal contractions and reheat the part brings up issues. When removing
the build platform from the printer, the build sheet (on which the part is printed on) also contracts.
This contraction of the build sheet can cause it to lose vacuum and, therefore, lose the entire part
as the part will no longer align with the printer’s coordinate system (creating shifts in the XYplane). The appropriate clearances need to be used to avoid inserting a cap too small that can move
within the cavity; or force a cap too large for a cavity, which can buckle or create internal stresses
leading to premature failures.
To determine the correct clearances for component insertion, a specimen was designed
consisting of a rectangular printed substrate with a rectangular cap inserted mid-print. The cap was
printed alongside the rectangular plastic substrate with the same material. The cap had the
following dimensions: 24.2 mm (0.95 in) x 12.9 mm (0.51 in) x 2.50 mm (0.10 in). The rectangular
substrate was a 79.83 mm (1.96 in) x 38.5 mm (1.52 in) x 5 mm (0.20 in) prism. A total of four
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clearances ranging
from 0.10 mm to
0.40 mm

Figure 5 Cap clearances
specimens were printed, each of them with only one difference, the cavity’s clearance. The
clearances were 0.10, 0.20, 0.30, and 0.40 mm in total for both X- and Y-directions. The total
clearance value was shared by the two sides. As an example, when using a 0.10 mm clearance,
the separation distance between cap and the substrate was 0.05 mm on each side. Figure 5 shows
a visual representation of the cap inserted into the substrate’s cavity. The drawings for all
specimens are included in Appendix A.
The reason to use the same material between the cap and the substrate is polycarbonate’s
CTE. Polycarbonate has a CTE of 6.84x10-05 m/m/oC (3.80x10-05 in/in/oF), reported by Stratasys
Inc., which is significantly greater than other common materials used in functional 3D printed
electronics. Copper (used for conductive paths) has a CTE of ~1.70x10-05 m/m/°C (9.44x10-06
in/in/°F); fiber glass reinforced epoxy FR-4 (printed circuit boards) has a CTE of 3.60x10-05
m/m/°C (2.00x10-05 in/in/°F); and steel (D-Sub housing material) has a CTE of 1.25x10-05 m/m/°C
(6.94x10-06 in/in/°F). Given this information, if we design a correct clearance for a Polycarbonate
cap, the clearance should also work for the other objects with the listed materials.
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3.1.2 Tensile Specimens
Printing over uneven surfaces was challenging. These uneven surfaces were flat surfaces
with an offset in the Z-direction from the rest of the printed substrate or they were non-planar
surfaces where the surface can have features with a different elevation from the printed substrate.
To help the printing process with these challenging surfaces, a cap was introduced to cover these
surfaces (e.g. back pins of D-sub connector). The cap (same design from clearance specimens) was
printed using the same material and alongside the rest of the plastic substrate. The partially printed
substrate also included a cavity for this cap. The cap’s design depended on the feature’s area on
the XY-plane the designer wanted to shield or cover. The cap was oversized on purpose to cover
the area entirely and have more material left on both axes to rest on the cavity feature in the plastic
substrate.
The cap’s cavity needed the proper clearances (determined from the previous set of
specimens) for it not to buckle, shift, or move when the printer’s head deposits extruded material
on top. Leaving a cavity within a printed part can decrease a part’s strength, just like porosity
lowers mechanical strength of parts. Therefore, to characterize this effect on tensile strength,
tensile specimens were fabricated. ASTM D638 (Standard Test Method for Tensile Properties of
Plastics, 2014) was consulted to design the specimens. Given the cap’s size, the chosen tensile
specimen from ASTM D638 was a Type 3 dogbone (Fig. 6). The thickness chosen for the specimen
printing direction

Figure 6 Trimetric view of type III tensile specimen with cavity (Left) and the drawing top
view (units: mm) (Right)
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was 10.5 mm (0.41 in), which gave about 4 mm above and under the cap in the print direction (Zdirection). The remaining specimen’s dimensions were followed as per the standard. The cavity
was designed in the center of the narrow region of the tensile specimen and its dimensions were
24.43 mm (0.96 in) x 13.1 mm (0.52 in). These dimensions include a 0.20 mm clearance
determined from the clearance specimens’ results. A drawing of the specimen is included in the
Appendix A. The tensile specimens were all printed alongside their caps, avoiding any thermal
stresses created from exposing the cap outside of the hot printer environment.
The cavity can be occupied by a foreign component and still the tensile strength will
decrease if load is not carried by the inserted component. Inserting and fastening a D-Sub
connector into a partially printed substrate with a cavity changes the part’s overall tensile strength.
Therefore, to characterize this effect, a tensile specimen with an inserted D-Sub connector was
designed. The D-Sub connector (P/N A132501-ND) in these specimens was obtained from DigiKey (Digi-Key Electronics, Thief River, MN). The D-Sub’s housing material is steel plated with
tin-nickel alloy. Since steel’s CTE is lower than PC’s, the clearances from previous specimens
should also work for this component.
For the part’s cavity for the connector, the design was split into three different sections (as
shown in Fig. 7). The first section (Fig. 7-A), first in the Z-direction and first to be printed,
accommodates the connector’s mating feature to another connector. Fig. 7-A shows the bottom
view of this section, which has a trapezoidal cavity for the mating feature on the D-Sub and two
circular cavities that served as counterbore holes for a #4-40 screw head. The second section (Fig
7-B) is a large rectangle in which the largest section of the D-Sub’s body rests. The two nuts in the
back of the connector were encapsulated inside this rectangle. The last section (Fig. 7-C), last to
be printed, was a smaller rectangle where the back pins were encapsulated by the plastic substrate.
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A)

B)

C)

D)
E)
Figure 7 Different cavity cross-sections (A,B, and C); isometric and bottom views of D-sub
component (D and E)
For this section to be printed, plastic needed to be deposited on top of the two nuts from the
previous section. This is not a challenge since the gap distance between the nut and the plastic
substrate is within 5 mm, a distance small enough for the machine to bridge without material
sagging. On top of this connector’s cavity, the cap cavity was designed, where the cap was placed
to aid in the printing process. This cavity’s dimensions were the same as the previous set of
dogbones made.
For the body of the specimen, the ASTM D638 standard was consulted. Due to the D-Sub
connector planned to be inserted mid-specimen, the specimen selected should be able to contain
the whole connector. From the five specimen sizes offered in ASTM D638, Type 3 size was chosen
since it had the largest thickness. The geometry for the specimen was preserved as much as
possible; however, changes were made to fit the D-Sub connector and the testing apparatus. Figure
8 shows the designed tensile specimen.
The similarities between the Type 3 specimen from ASTM D638 and the designed
specimen are several. First, no change was made to the tab sections, and the thickness for the tabs
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printing direction
gripping tab

D-sub connector
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Figure 8 Trimetric view of tensile specimen with D-sub connector
was kept at 9.53 mm (0.38 in). The radius for the fillet in the XY-plane was kept at 76.2 mm (3.00).
The length and width for the narrow section were kept at 57.2mm (2.25 in) and 19.05 mm (0.75
in) respectively. The thickness for the narrow section changed from 9.53 mm to 24.5 mm (0.96
in). This needed to be increased to accommodate for the D-Sub inserted mid-print and 4 mm (0.16
in) of material on top of said connector’s cap, which is equivalent to 16 layers of material. This
number of layers gives the machine the opportunity to correct any defects created from component
and cap insertion. Due to the change in thickness (from tab to narrow), another fillet was added in
the ZX-plane to avoid large stress concentration from a rapid change in area. The radius of the
fillet in the XZ-plane was the same as the radius of fillet in the XY-plane, 76.2 mm (3.00 in). A
drawing for this test specimen is also included in the Appendix A.
3.1.3 Solder Joint Specimens
The multi-functional 3D printed electronics created need to conduct electricity using
conductive patterns (e.g. copper wires). The D-Sub connectors used in the specimens connected
with the outside since their mating features are exposed and one simply mated the opposite
connector gender to the embedded connector. The connector had back pins that were used to solder
to an embedded circuit within the part. Typically, these connectors use printed circuit boards
(PCBs), that are attached to the back of the connector, to connect to a circuit pattern. Therefore, a
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Solder target
spots

Offset holes

Figure 9 Printed circuit board for 9-pin D-sub connector trimmetric view (left) and top view
(right)
PCB was designed to fit the used D-Sub connectors (Fig. 9). One can argue that the board shown
in Fig. 9 is more accurately described as a printed wiring board (PWB) since only copper traces
are included, and it is not expected to alter the function of the final device. Regardless, the board
was meant to be a placeholder for a PCB, and therefore will be referred to as PCB in this document.
The PCB featured through holes for each of the nine pins featured in the back of the connector.
The PCB also had five copper pads of 8 mm (0.32 in) x 2 mm (0.08 in) protruding 0.25 mm (0.01
in) from the rest of the board. These five copper pads served to simplify the labor of soldering.
This way, the copper wires embedded unto the substrate can be soldered to the pads instead of
directly unto the pins, avoiding soldering errors (e.g. bridging two pins). The bottom holes, d=1.52
mm (0.06 in), originally had the purpose of through hole for a 26 AWG wire to “anchor” to the
PCB; however, they were repurposed as an offset distance for the solder joint.
The PCBs designed were not soldered to the connectors; instead, they were mounted unto
a printed substrate with an embedded 26 AWG wire. This substrate (Fig. 10 L) had alignment
features for the PCB to be completely flushed against the embedding surface and for the embedded
wire to meet the solder pad target properly. Two through holes were designed to prevent the PCB
from translating in the X, Y, or Z-axes and rotating in the Y- and Z-axes. These holes were also
used for proper alignment with the plastic substrate. The PCB was inserted until after the part was
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Fixing tabs

Figure 10 Polycarbonate substrate for solder joint testing trimetric view (left) and top view
(right)
printed entirely. It was inserted from the back, slid it into position. The tabs on top of the PCB
(Fig. 10 R) served to prevent any rotations on the X-axis, fully fixing the part to the rest of the
plastic substrate. The 26 AWG wire was placed unto a machined cavity in the full plastic substrate
in front of the PCB (further discussed in a future section in this chapter).
3.2 MANUFACTURING METHODS
As stated before, a manufacturing process plan had not yet been established for the
manufacturing of multi-functional 3D printed electronics. In this thesis section, a manufacturing
process plan will be introduced. Aside from defining a process for component insertion in partially
printed parts, a treatment to cap is introduced. Lastly, the last portion of the section will address
secondary manufacturing processes such as fastening components, soldering, and machining. The
printing process is a common process between all specimens. The same printing parameters (e.g.
raster width) were utilized on all specimens; however, the toolpaths between specimens were
different. This differences in toolpaths are addressed in the following subsection.
As stated earlier in this chapter, a specific process plan for the manufacturing of multifunctional 3D printed electronics had not been established. A blank template for a process plan is
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included in Appendix D. The process introduced next was followed as needed for all specimen
fabrications:
1. Design: Create a computer aided design (CAD) representing the final part with the
embedded electronic. The output of this step is a standard tessellation language
(STL) file.
2. Slicing: Process the STL file generated previously with the chosen printing
parameters (e.g. road width and layer thickness). This step is of extreme
importance, as it allows the operator to insert machine pauses where the printing
process will be paused for a secondary process to take place (e.g. component
insertion). The slicing creates a file with machine instructions (G-Code file for open
architecture machines) for the printing machine. Some machines, like the FDM
400mc machine used in this study, use encoded proprietary file formats.
3. Printer setup: Setup the machine with the desired model and support materials,
install the correct nozzle (i.e. tip), and calibrate the machine.
4. Printing process: Start the printing process in the printer.
5. Secondary process (mid-print): Once the printing process is paused, the operator
can do a secondary process (e.g. insert a foreign object). After this process is
finished, the printing process is resumed.
6. Cap insertion: A cap is inserted on top of foreign components where printing is
challenging.
7. Resume printing process.
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8. Repeat 5, 6, and 7 (if needed): The printing process is resumed after the secondary
process is completed. If there are no more processes to be done, the printing process
is resumed until part is finished.
9. Post-processing: Once the printing process is concluded, the part requires post
processing to remove it from the build platform, remove support structures, or other
processes (e.g. fastening).
In general, all samples were printed using the same parameters. The specimens were
printed using a Fortus 400mc (Stratasys Inc., Eden Prairie, MN) using Insight 12.0 (Stratasys Inc.)
as the default slicer and Control Center 12.0 (Stratasys Inc.) as the communication software
between printer and slicer. The chosen material was polycarbonate (Stratasys Inc.) with PC-BASS
(Breakaway support system) the support material used for features that required it.
3.2.1 Slicer Settings and Component Insertion Process
The slicing step in the process plan enables the operator to create and modify model and
support material toolpaths at will. Slicing has several setups (aside from printing parameters) that
need to be done to insert a component into a partially printed substrate. Figure 11 shows all the
steps in the slicing process. First, a part’s STL is oriented in the desired direction. Then, the slicer

Configure printer settings
Import and orient part

Slice part
Generate support structures

Delete unwanted support
Insert pauses on desired layers (white)

Configure toolpaths (e.g.
raster width)
Generate toolpaths

Toolpaths ready to send
to printer!

Figure 11 Slicing process for tensile specimens with connector
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is setup with the appropriate printer settings: printer type, model and support material selection,
and layer thickness. The software will then proceed to slice the part according to the layer thickness
desired. For these research efforts, layer thickness was chosen to 0.25 mm (0.01 in) with the
machine set up with T16 tips for both model and support material. The operator then generates
support structures for the part features that require it (e.g. overhangs with an angle of <45° with
respect to the build platform). For the clearance and tensile specimens, the software generated
support structures within the parts due to the cavities designed for foreign parts. The operator
proceeded to deleting these support structures to clear the cavities.
Once the unwanted support is removed, the operator proceeds to select the layers where a
pause will be induced. The user can identify the layers where to pause given the features printed
for every layer. In the case for the connector, the cavity will change dimensions (Fig. 12-A and
B); and, for the cap, the cavity will disappear from one layer to another (Fig. 12-C and D). The
operator then proceeds to insert pauses on the identified layers and moves on to the next step in
slicing. Finally, the operator sets the contour and raster parameters desired. If there are bridging
section (e.g. gap between D-sub nut and substrate), the operator needs to make note of this and set
the raster angle for the following layers so that material is deposited across the gap’s smallest
distance. In this case, no special raster modifications were made, as the gap distances were too
A)

B)

Z= 13.5mm (0.53 in)

Z= 13.7mm (0.54 in)

Cavity reduction

D-Sub Cavity
Next layer

Cap cavity

C)

No cavity

D)

Z= 20.6mm (0.81 in)

Z= 20.8mm (0.82 in)

Figure 12 Top view of layer cross-sections to insert a pause
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small for material to sag. For this research, all specimens were printed with the following
parameters:
•

Number of contours:

1

•

Contour width:

0.50 mm (0.02 in)

•

Raster width:

0.50 mm (0.02 in)

•

Raster orientation:

+/-45

•

Infill:

100%

•

Raster-to-raster air gap

0 mm (0 in)

Once the toolpath setup is configured, the operator generates toolpaths for the machine to
follow including the instructions for pausing at a certain layer. The Insight software outputs a
Coordinate Machine Binary (CMB) file that gets imported into the Control Center software, where
it gets sent to the FDM machine (Fortus 400mc). Using Control Center, the CMB file was copied
as many times as needed to print all specimens from a sample during a single print (e.g. five tensile
specimens were printed simultaneously for every tensile sample).
After the print file was sent, the operator set up and calibrated the machine to print. Then,
the operator started the print and, in the case for the clearance and tensile specimens, waited for
the printer to pause. The solder specimens did not require a pause and they were printed alltogether in one single step. After the printer paused, the operator carefully opened the door and
proceeded to insert the connector or cap. As previously discussed, carrying out the insertion of the
foreign component inside the printer has its advantages over removing the platform from the
printer and insert the component at ambient temperature. Once the connector/cap was in place,
the operator resumed the printing process and waited for the next pause (for tensile specimens with
a connector) or for the part to be finished. Once the printer paused for a second time, the operator
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Figure 13 Manufacturing process of tensile specimens with D-sub connector
placed the cap on the next cavity and then resumed the print for the specimen to be finished. Figure
13 shows the fabrication process of the tensile specimens with a connector.
3.2.2 Cap Treatment (Solvent Bonding)
An additional secondary process was carried out with specimens that used a polycarbonate
cap to improve adherence between the cap and the polycarbonate substrate. This treatment process
is known as solvent bonding. The treatment consists of dispensing a solution with dissolved
polycarbonate in between the inserted cap and the substrate. The solution’s solvent evaporated
inside the printer, leaving behind the previously dissolved polycarbonate, creating a bond between
both plastic structures. Yeh (2013) published a book chapter on solvent bonding of polymers,
which showcased a table with amorphous polymers and compatible solvents to use for bonding.
Table 4 is a shortened version of the published table featuring common materials for 3D printing
and compatible solvents. Given this information, the chosen solvent was methylene chloride, also
known as dichloromethane (DCM). The solution consists of 10 g of pelletized polycarbonate
mixed with 50 mL of DCM. The pellets were mixed into the solvent until a homogenous solution
was obtained.
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Table 4 Solvent selection for bonding amorphous polymers
Amorphous Polymer

Solvent (Boiling Point °C)
Methyl ethyl ketone – MEK (80)

Acrylonitrile Butadiene Styrene (ABS)

Methyl isobutyl ketone (116)
Methylene chloride – DCM (40)
Ethylene dichloride (84)

Polycarbonate (PC)

DCM (40)
MEK (80)

Once the solution was made, it was dispensed in between the polycarbonate cap and the
plastic substrate using a syringe. Since the printer was at 145°C, the solution started to evaporate
once the operator introduced the syringe inside the printing oven. This made the solution difficult
to handle, and lead to involuntary dispensing unto the plastic surface. If the solution is dispensed
directly unto the plastic surface, it starts to dissolve leaving behind imperfections and complicating
the printing process afterwards. If this happens, the operator can help the printing process by
removing any features protruding from the plane. The printer might struggle printing the next few
layers (2-3), but that is why the specimen designs consider printing issues after pausing and have
enough layers left to print for the part to correct itself. The clearance specimens were all
manufactured using the cap treatment. The treatment was carried out in the same pause as cap
insertion. For tensile specimens (both with and without a D-sub connector) cap treatment was only
done to half of the specimens. The treatment was suspected to enhance the tensile strength of parts;
therefore, a set of specimens were manufactured with the treatment and a set without the treatment.
Figure 14 shows the tensile specimens without connector going through the treatment process.
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Figure 14 Cap treatment for tensile samples with a cap
3.2.3 External post-processes
Once printing was concluded, the parts were removed from the build platform. If needed,
the support structures adhered to the part were also removed with the help of mechanical tools
(e.g. needle nose pliers). The clearance specimens and the tensile specimens with no connector did
not require any other post-processes and were ready for examination and testing. The tensile
specimens with a connector required the connectors to be fastened; and the solder specimens
needed to be assembled and soldered. For the fastening of the tensile specimens, two #4-40 screws
of 6.35 mm (1/4 in) in length were used to fasten the connector to the plastic substrate. Two
counterbore holes for #4-40 screw heads were designed in the plastic substrate to align with the
components nuts for fastening. Once the component was fastened to the plastic substrate, the
tensile specimen is finalized and ready for testing.
The soldering specimens required more external processes. The PCB’s were machined
using the Techno LC 3024 Tabletop CNC router (Techno CNC Systems, Ronkonkoma, NY) in
the Multi3D System. The G-code toolpaths were obtained using the computer aided manufacturing
(CAM) part of Fusion 360 (Autodesk Inc., San Rafael, CA). The machining operation was
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Figure 15 Solder joint specimen manufacturing process
executed using two different G-code files due to the CNC incapability of switching tools
automatically. The first G-code was for roughing out the shapes for the copper patterns and the
contours. The code used a 2 mm (0.08 in) endmill. Once the first G-code file was executed, the
endmill was switched for a 0.5 mm (0.02 in) endmill, which was used for fine detailing of the
patterns. Figure 15-A shows the machined PCB ready for assembly. The PC substrates also
required machining a cavity for a 26 AWG copper wire to be embedded. The cavity was machined
in the middle of the specimen’s top face along the Y-axis (Fig. 15-B) using another 0.5 mm (0.02
in) endmill for plastics. The depth of the cavity was 0.61 mm (0.02 in), which is about 1.5x wire
diameter.
After the PCBs and PC substrates were machined, the operator assembled them with the
PC substrates printed for the solder specimens. The PCB slid into the PC substrate from behind
until it stopped. Next, a copper wire of length >20 cm (0.79 in) was placed in the PC substrate’s
cavity, leaving an overhang of 6.5 mm (0.26 in) in length to be soldered to the PCB. Of these 6.5
mm, 1.5 mm covered the offset hole, and the resting 5 mm were soldered to the copper pad. The
soldering process consisted of three main steps: cleaning, pre-tinning surfaces, and soldering.
Cleaning consisted of wiping all surfaces to be soldered with isopropyl alcohol (IPA) to get rid of
any debris (dust) and/or oil (from someone’s hand). Then, to pre-tin the surfaces, flux was applied
to both copper wire and pad. Afterwards, the user applied solder to both wire and pad using a
soldering iron. This left a tin coating covering the surfaces. For these specimens, a tin-lead solder
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(Sn63Pb37) was used. Once the surfaces were pre-tinned, the operator proceeded to solder the wire
to the PCB. Figure 15-C shows the completed solder specimen.
3.3 TESTING METHODS
As established previously in this document, the purpose of this research is to determine
design guidelines for inserting a foreign component into a partially printed substrate; characterize
the effect on tensile mechanical properties; and characterize the mechanical properties of solder
joints. The clearance specimens will provide a proper clearance to insert a foreign object into a
partially printed part. The tensile specimens will provide information on tensile properties of a
substrate containing a component (e.g. connector). Lastly, the solder specimens determined the
strength of the solder joint. No randomization for any testing procedure was considered; therefore
no statistical biases were considered for analysis. This chapter section elaborates on the testing
procedures followed for all specimens.
3.3.1 Clearance Specimens Examination
The clearance specimens were all labeled after manufacturing to keep track of the different
clearances between them. After labeling, they were cross-sectioned in the YZ-plane using a
precision cutter. Each halve was also labelled to directly compare both halves dimensions. The
halves were mounted using a plastic mold and KoldmountTM (CMP Industries LLC, Albany, NY).
Once the specimens were all mounted, wet grinding and polishing were done to all specimens to
obtain a clear image of the cross-section. The sample was polished using aluminum oxide (Al2O3)
of up to 1.0 µm (0.04 mil) in size.
After polishing, the specimens were taken to the SmartScope® FlashTM 250 (Optical
Gaging Products, Rochester, NY), a coordinate measuring machine (CMM). For this project, it
was used to measure the gaps between the PC cap and the rest of the PC substrate by using the
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Figure 16 Sample in SmartScope FlashTM system
system’s autofocus feature, to ensure process repeatability. The system, also, allowed the operator
to take pictures of the polished cross-sections and determine if the PC solution was able to infiltrate
the gap or not. The samples were mounted to a 3D printed mount to ensure the flat, polished face
was perpendicular to the system’s view. Figure 16 shows a specimen mounted in the 3D printed
mount and the sample loaded in the OGP system.
3.3.2 Tensile Testing of Dogbone Specimens
Previously, the chapter detailed on the design and manufacturing of the tensile specimens
used in this research efforts. The different specimens produced are listed below:
•

Specimens with Connector and Cap

•

Specimens with Connector and Cap with Treatment

•

Type III Full

•

Type III with Cavity for Cap

•

Type III with Cap and Treatment

Tensile testing procedures were followed according to ASTM D638 (Standard Test Method
for Tensile Properties of Plastics). The testing frame used was an Instron 5866 (Instron, Norwood,
MA) with a 10 kN load cell. Two wedge action tensile grips rated for a load of up to 30 kN were
used to grip the specimens in the test frame. A non-contact video extensometer was used to track
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Figure 17 Tensile test setup
two-points marked in the tensile specimens. These points were set 25.0 mm (0.98 in) apart from
each other and were used to report the tensile strain in the loading direction. Figure 17 shows the
setup for the tensile test. The test was set at 5 mm/min (0.20 in/min) strain rate and the reported
data was tensile strain and tensile load. The tensile load was then used to calculate the tensile stress
across the specimen. The data obtained was used to produce tensile stress vs tensile strain graphs.
All of tests together provided insight to the effects on mechanical properties caused by cavities,
component insertion, and cap treatment for adhesion enhancement.
3.3.3 Solder Specimen Shear and Pullout Tests
The solder specimens were used in a similar setup as the tensile test performed in the
previous section. The specimens should help to determine if the solder joint of the specimens is
strong enough to withstand certain loads. The features in the specimen (e.g. wire cavity) may or
may not contribute to an earlier failure of the solder joint. Two tests were done to characterize the
mechanical strength of the solder joint: Shear testing and Pullout testing. The shear testing had the
specimen being held parallel to the loading direction of the test frame. For these tests, the load cell
used was rated to 500 N. The grips used for this test were two screw side action tensile grips rated
for 100 N. One grip held the specimen and the other grip pulled on the copper wire, creating a
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Figure 18 A) shear and B) pullout test setups
shear load on the solder joint’s interface between the wire and the solder. Figure 18-A shows the
setup for the shear test. The reported data from the test frame was load and displacement, no strain
was recorded using the video extensometer.
The pullout test was done to simulate a load on the solder joint perpendicular to the PCB.
The setup was the same as the shear test setup, with a difference in specimen orientation in one of
the grips. The specimen was held perpendicular to the loading direction in the bottom grip, while
the top grip pulled on the copper wire. Figure 18-B shows the setup for the pullout test. The
reported data from the machine was also load and displace, with no recording of axial strain using
the video extensometer.
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Chapter 4
Results and Discussion
4.1 CLEARANCE SPECIMEN RESULTS
As stated in a previous chapter, the clearance specimens were all measured using a
coordinate-measuring machine (CMM), OGP Smartscope Flash 250 (OGP). The mounted
specimens show a cross-section of the YZ-plane taken approximately at the middle of the
specimen. The specimen was cut down the middle of the X-axis; however, due to manual
mounting, wet grinding, and polishing of the samples, the specimen images were not taken at a
consistent distance from the center. Since the specimens are symmetric (across the mid XY-, XZ,
and YZ-planes), this does not represent any issues with the findings. The specimens’ cavities were
all designed to have a clearance of 0.10 mm, 0.20 mm, 0.30 mm, and 0.40 mm in the X- and Ydirections and the specimens were labelled S1, S2, S3, and S4, respectively. Once cut, each
specimen had two halves (-A and -B) making the total number of specimens eight.
Aside from using the OGP for the measurement of specimens and imaging, optical images
were captured using an optical microscope, Leica MZ 16 (Leica Microsystems Inc., Buffalo Grove,
IL), with a digital camera, Basler acA3800-14uc (Basler AG, Ahrensburg, Germany), connected
to a computer, where the NI Vision Assistant (National Instruments, Austin, TX) captured and
stored the optical images. Even though the OGP enables the user to capture images, the optical
microscope was used due to its superior image quality to easily identify the PC solution within the
specimen.
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Figure 19 Clearance specimen gap identification
4.1.1 Gap Measurement Results
Three different sections were measured for every specimen mounted: Y1 cavity, Y2 cavity,
and Z cavity (Fig. 19). The Z cavity was not designed; however, after noticing a gap in the Zdirection for several samples, it was decided to also record this measurement. For the Y1 and Y2
cavities’ gap, a total of five measurements were recorded while for the Z cavity a total of 10
measurements were made using the OGP machine making the total number of measurements per
specimen 20. The Y1 and Y2 cavity measurements were taken 0.51mm (0.02 in) apart from each
other while the Z cavity gap measurements were taken 1.27 mm (0.05 in) apart from each other.
The measurements for the two halves for a same specimen (e.g. S1-A and S1-B) were
pooled together with their respective gaps. Since the cross-sections of -A and -B are images
mirrored across the YZ-plane, the Y1 cavity measurements from -A were pooled with the Y2
cavity measurements from -B; the Y2 cavity measurements from -A were pooled with the Y1
cavity measurements from B; and the Z cavity measurements from -A and -B were pooled together.
Figure 20 illustrates the logic just explained. The measurement data outputted from the OGP was
processed using MATLAB to obtain the arithmetic mean and the sample standard deviation for
every gap measurement. MATLAB was also used to plot the data obtained from these calculations.
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Figure 20 Specimen halves labeling for data processing
The results for Specimen 1 (0.10 mm clearance) show the Y-direction gaps adding to a
greater value than the designed clearance. The average gap distance for Y1 Cavity (Y-direction
gap #1) was 0.09 mm (3.48 mil, 1 mil = 0.001 in) with a standard deviation of 0.02 mm (0.59 mil)
while the average gap distance for Y2 Cavity (Y-direction gap #2) was 0.06 mm (2.50 mil) with a
standard deviation of 0.02 mm (0.70 mil). The total clearance designed in the Y-direction was 0.10
mm (3.94 mil); however, the Y-direction gaps (i.e. Y1 and Y2 cavity) averages add to 0.15 mm
(5.98 mil). This means that the gaps were measured to be 50% larger than designed. A possible
explanation to this is the presence of thermal contractions on the part once removed from the
printing oven. The average gap distance for Z cavity was 0.14 mm (5.63 mil) with a standard
deviation of 0.05 mm (1.98 mil). The Z-direction had no clearance designed, as the cap thickness
was meant to be the same as the cavity depth to maintain a flat-flushed surface throughout both
the printed substrate and inserted cap for the ease of printing. The cause for a gap in the Z-direction
is the PC solution, used for adhesion improvement, flowing under the cap when inserted. This
cause was identified using optical imaging and will be discussed later in the chapter. The effect
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from having the cap protruding from the rest of the plastic substrate is the possibility of creating
print defects on the next printed layers.
For Specimen 2, the Y1 cavity had an average gap size of 0.12 mm (4.72 mil) with a
standard deviation of 0.01 mm (0.39 mil); and, the Y2 cavity had an average gap size of 0.15 mm
(5.91 mil) with a standard deviation of 0.03 mm (1.18 mil). The same effect seen on Specimen 1
occurred on Specimen 2, where the total clearance designed in the Y-direction was lower than the
recorded measurements’ averages added. For Specimen 2, the clearance designed was of 0.20 mm
(7.87 mil) and the recorded measurements’ averages add to 0.27 mm (10.5 mil). This means the
measured cavities were 35% larger than what was designed. The Z cavity averaged a size of 0.13
mm (5.11 mil) with a standard deviation of 0.02 mm (0.79 mil) and was also created due to PC
solution flowing under the inserted cap. Figure 21 shows the average measurements of gaps with
the sample standard deviation for Specimens 1 and 2.
Specimen 3’s Y1 cavity averaged a size of 0.14 mm (5.51 mil) with a standard deviation
of 0.04 mm (1.57 mil) while Y2 cavity averaged a size of 0.15 mm (5.91 mil) with a standard
deviation of 0.07 mm (2.76 mil). The averages add up to 0.29 mm (11.4 mil), which is 3% under
the designed value of 0.30 mm, meaning this specimen did not follow the previous trend

Figure 21 Left - Specimen 1 (0.10 mm clearance) and Right - Specimen 2 (0.20 mm
clearance) gap distance measurements
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established with Specimens 1 and 2. This means that the original hypothesis of thermal
contractions magnifying the gap size for specimens is false. Recalling that the mounting, wet
grinding, and polishing processes were all carried out manually leaves the possibility of imaging
a surface not perpendicular to the length of the specimen. This explains the cavity measurements
in the Y direction adding up to a larger value than designed. Specimen 3’s Z cavity averaged a size
of 0.14 mm (5.51 mil), equal to Specimen 1, with a standard deviation of 0.02 mm (0.79 mil) and
the gap was created due to the same reason, PC solution flowing under cap.
Lastly, specimen 4’s Y1 cavity averaged 0.10 mm (3.94 mil) with a standard deviation of
0.01 mm (0.39 mil) while the Y2 cavity averaged 0.30 mm (11.8 mil) with a standard deviation of
0.01 mm (0.39 mil). The averages total up to 0.40 mm, which is the designed clearance for this
specimen. The large difference in size between Y1 and Y2 cavities could be due to a rotational
movement along the Z-axis. Allowing rotational movements this large is not ideal, as it could lead
to newly deposited material to sag in the cavity or require more PC solution to bond to the plastic
substrate. The Z-direction gap averaged 0.13mm (5.12 mil) with a standard deviation of 0.02 mm
(0.79 mil) due to the PC solution flowing under the inserted cap. Figure 22 shows the measurement
data gathered from Specimens 3 and 4.

Figure 22 Left - Specimen 3 (0.30 mm clearance); and right - Specimen 4 (0.40 mm
clearance) gap distance measurements
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4.1.2 Specimen Optical Imaging
The images taken of the specimens were to identify the cause for the Z cavity in specimens
(causing the cap to protrude from the surface and, potentially, lead to printing defects) and to
visually confirm the flow of PC solution between the cap and the plastic substrate. Three images
per specimen were captured: one featuring the Y1 cavity, another featuring the Y2 cavity, and the
last showing a mid-section of the Z Cavity. These sections were captured using both imaging
equipment, OGP and digital microscope, making a total of six images per specimen.
The captured images from all specimens show PC solution in the Y1 and Y2 cavities
between the cap and the plastic substrate. The PC solution was able to solvent weld the PC cap
with the PC substrate. The effect of this solvent weld in tensile mechanical strength is characterized
in the next chapter section. Figure 23-A) shows an example picture captured with the optical
microscope from Specimen 2-A’s Y1 cavity. The picture also confirms the cause for a Z cavity is
PC solution flowing under the cap and solidifying. Once solid, the material becomes an offset
feature where the cap rests on and creates the Z cavity where material was not able to flow. A
similar behavior was noted for all specimens. Figure 23-B) shows a picture captured with the OGP
system of Specimen 1-A’s mid-section. From this picture, it can be noticed that the new deposited
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Figure 23 Optical microscope images of Specimen 2-A (A) and OGP image Specimen 1-A
(B)
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layer above the inserted cap successfully fuse with the PC cap material. This was also noted for
the rest of the specimens.
4.1.2 Conclusion for Clearance Specimens
Given the measurements obtained from the OGP system, it is strongly suggested that the
0.40 mm (15.7 mil) clearance should be avoided. The reason behind this decision is due to the high
difference between Y1 and Y2 cavity sizes, which corresponds to the rotating along the Z-axis
once it was placed. From the optical images obtained from both the microscope and the OGP, it is
concluded that the PC solution flows in between cap and plastic substrate creating solvent weld
joints. This effect should contribute to mechanical properties, later to be researched in this thesis.
The images also showed that newly deposited layers successfully fuse with the inserted cap’s top
layers, making it a similar interface to other 3D printed parts. Aside from these observations, a
manufacturing feedback was also considered. For Specimen 1, the insertion process was not as
simple as the others as it required a larger load to push into place. Therefore, the suggested
clearances to be used in the X- and Y-directions for other specimens are either 0.20 mm (7.87 mil)
or 0.30 mm (11.8 mil).
4.2 TENSILE SPECIMEN RESULTS
The tensile specimens produced for this thesis help characterize the effect on tensile
strength of inserting a foreign object into a partially printed substrate and the effect of using PC
solution for solvent welding an inserted PC cap to the printed substrate. The specimens
manufactured were tested in the following order:
1. Type III Full (no cavity nor component inserted) (Full)
2. Modified Type III w/ D-sub connector and no DCM (D-sub/no DCM)
3. Modified Type III w/ D-sub connector and DCM (D-sub/DCM)
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4. Type III w/ inserted cap and no DCM (i.e. no PC solution) (No DCM)
5. Type III w/ inserted cap and DCM (DCM)
The Full specimens tested were chosen to be first to establish a performance standard for
the printing parameters used to print PC. Next, the D-sub specimens were tested to characterize
the effect of inserting a component mid-print and fastening it to the plastic substrate. Then, the Dsub specimens with DCM were tested to determine the effect of DCM on the part’s mechanical
strength. Due to the load cell maxing out for the specimens, the Type III specimens w/ cap no
DCM and Type III specimens w/cap and DCM were made to properly characterize the effect of
DCM on mechanical strength. The tensile modulus is also reported for all specimens. A statistical
hypothesis test was performed to determine if the DCM treatment made a statistical difference in
tensile strength compared to no DCM specimens.
4.2.1 Type III Full Specimens
The tensile specimens were tested in accordance with ASTM D638, using a speed of 5
mm/min (0.20 in/min). The recorded load was divided by each specimen’s cross-sectional area to
obtain the tensile stress. For tensile strain, the strain value recorded with the video extensometer
was used instead of the crosshead displacement strain estimate. Once these calculations were
made, a stress-strain diagram was plotted. After plotting the data, the largest stress value is
recorded as the ultimate tensile strength for the part. The tensile modulus was obtained by using a
linear curve fit tool to approximate the linear section of the stress-strain curve, where the slope of
this linear model is recorded as the tensile modulus. Figure 24 shows the stress-strain curves for
specimen #2, where the blue plot represents the entire stress-strain curve; and the orange section
(overlapping the stress-strain curve) is the linear region used for the curve fit tool to estimate the
tensile modulus. All the stress-strain curves are attached in Appendix A for further reference.
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Figure 24 Stress-strain curve for Type III Full Specimen #2
After processing the data from all specimens, the average and the sample standard
deviations were calculated for both ultimate tensile strength and tensile modulus (i.e. Young’s
Modulus). The average ultimate tensile strength reported for these specimens was 46.3 MPa (6.72
ksi) with a sample standard deviation of 0.72 MPa (0.10 ksi). The average tensile modulus reported
was 1.89 GPa (274 ksi) with a sample standard deviation of 0.06 GPa (8.70 ksi).
4.2.2 Modified Type III Specimens with Connector
The testing procedures for these specimens are the exact same as before, following ASTM
D638 using a test speed of 5 mm/min (0.20 in/min). The raw-data file obtained from the tensile
test was processed using MATLAB. First, the load was divided over the total cross-sectional area
of the specimen, which is estimated to be 467 mm2 (0.72 in2) for all specimens. The stress data
was then plotted vs the axial strain from the video extensometer to obtain a stress-strain curve. The
tensile modulus was approximated using a linear curve fit tool in MATLAB. For this tool, only
the linear section of the curve was considered.
The reported average tensile strength was 19.2 MPa (2.78 ksi) with a sample standard
deviation of 4.36 MPa (0.63 ksi). This is a drop of 58.5% in strength when compared to the Type
III Full specimens. The reported average tensile modulus was 1.33 GPa (193 ksi) with a sample
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standard deviation of 0.11 GPa (16.0 ksi). This is a drop of 29.6% in tensile modulus meaning that
the new specimens are less stiff than the Full specimens. During testing, it was also noted that the
samples all failed in a similar manner, all specimens shattered to pieces at failure. However, the
only material to shatter or exhibit failure was the printed substrate. The printed cap and the D-sub
connector were not damaged from this test.
Given this behavior from the specimen, the stress of the printed substrate was calculated.
To do this, the minimal cross-sectional area of the substrate had to be determined. A MATLAB
script was made to determine the minimal cross-sectional area (CSA) of the printed substrate and
plot the CSA with respect to the X-coordinate (as CSA changes with respect to the X-coordinate).
First, since the specimen is planarly symmetric across the mid-YZ-plane, only the CSAs from X=
0 mm to X= 88.9 mm were determined. Then, the cavities and features (e.g. fillets) were identified
as they were appearing in the CSA. The cavities and features made a presence in CSA in the
following order:
1. Grip-to-narrow section fillets (XY-fillets and XZ-fillets)
2. D-sub cavity (section B from Fig. 6)
3. Counterbore hole for #4-40 screw head
4. Through hole for #4-40 screw
5. Cap cavity
6. Cavity #4 disappears
7. D-sub cavity (section C from Fig. 6)
8. Cavity #3 disappears
9. D-sub cavity (section A from Fig. 6)
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Figure 25 Cross-sectional area (CSA) along the X-axis plot (left) and smallest CSA in
specimen (right)
The script was able to calculate the YZ- CSA at every single X-coordinate for the specimen.
The minimal CSA found was 221 mm2 (0.34 in2) and it is located between X=82.4 mm (3.24 in)
and 96.4 mm (3.76 in). The plot obtained from this MATLAB script is shown on Figure 25-L
along with the smallest cross-section CAD image (Fig. 25-R). Given this new CSA value, the
stress-strain curve was re-plotted, and the ultimate tensile strength and tensile modulus were recalculated. The new reported average ultimate tensile strength is 40.4 MPa (5.86 ksi) with a sample
standard deviation of 9.19 MPa (1.32 ksi). This represents a drop in strength for PC of 12.7%. The
reason for this drop in performance from PC could be due to stress-concentrations in the screw
fastening region. Over-fastening the D-sub could lead to premature failures in the printed substrate.
Figure 26 shows an example of the plotted strain-strain curves for the specimens’ overall tensile
stress and a picture of the specimen after failure.
The Type III Modified Specimens with D-sub and DCM were to be processed identically
as the Type III Modified Specimens with D-sub no DCM; however, when they were being tested,
none of them failed under a 10 kN (2.25 kpf) load, which is the max load rated for the load cell.
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cap intact after
testing

D-sub did not fail
in testing

Figure 26 Stress-strain curve for Type III Modified with D-Sub and no DCM Specimen 5
(left) and Specimen 5 after failure (right)
Therefore, all test specimens were tested up to a 10 kN load and stopped to prevent damage to the
load cell. To calculate the stress on the plastic substrate, a change to the minimal CSA was made
from the previous specimen to this one. Since this specimen used PC solution (DCM) to solvent
weld the cap to the substrate, it can be assumed that the load should transfer from the plastic
substrate to this cap; therefore, the new minimal CSA should be equal to the previous minimal
CSA plus the cap CSA totaling 254 mm2 (0.39 in2).
The raw data obtained from these tests was plotted as a stress-strain curve (example on Fig.
27) using the full CSA to determine the part’s tensile stress at the max load. All stress-strain curves
will be included in the Appendix of this document. Since the specimens did not fail at the end of
testing, instead of reporting ultimate tensile strength (UTS), the tensile stress at the max load
(σ@MaxLoad) is reported for all specimens. The UTS for these specimens is assumed to be higher
than the σ@MaxLoad due to the brittle behavior of these specimens. The tensile modulus calculated is
the correct one as the linear region is clearly visible and a linear curve fit tool would be able to
determine it.
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Figure 27 Stress-Strain Curve for Type III Modified with D-Sub and DCM Specimen #2
The reported average σ@MaxLoad for the sample was 21.2 MPa (3.07 ksi) with a sample
standard deviation of 0.31 MPa (0.04 ksi). Since the reported value is not the actual UTS, it is not
possible to compare to the previous specimen’s UTS for a percentage change calculation; however,
if σ@MaxLoad was close to the UTS, then the percentage increase between specimens was ~ 10.4%.
The DCM treatment seems to enhance the tensile strength for these specimens, but given this data,
it is not quantifiable by how much exactly it enhances it by. The average tensile modulus reported
was 1.33 GPa (193 ksi) with a sample standard deviation of 0.09 GPa (13.1 ksi), which is the same
tensile modulus obtained with the Type III Modified with D-sub no DCM specimens. To correctly
determine if the treatment produced a statistically different sample based on UTS, the Type III
specimens with an inserted cap tested next should provide an insight on the matter.
4.2.3 Type III with Inserted Cap
These specimens were also tested following ASTM D638 using a test speed of 5 mm/min
(0.20 in/min). The purpose of testing these specimens is to determine if the DCM treatment makes
a statistical difference in the manufacturing process when comparing the samples average tensile
strength (UTS). The samples were tested, and the data was processed to obtain the tensile stress,
tensile modulus, and plot stress-strain curves for all specimens. The first round of specimens tested
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failure in narrow
section

failure in substratecap interface

inserted cap

Figure 28 Type III Specimen with cap and no DCM after testing (left) and failure crosssections (right)
were the Type III No DCM specimens. The specimens all failed in the narrow section and it was
noted that they all failed close to the cap-plastic substrate gap. Figure 28 shows one of the
specimens after testing, where the cap can easily be identified on one side and the cavity contour
can be spotted on the other side.
The reported average tensile strength for these specimens was 28.8 MPa (4.18 ksi) with a
sample standard deviation of 2.75 MPa (0.40 ksi). Compared to the Type III Full specimens, the
tensile strength dropped by 37.8% by inserting a cavity into a PC substrate. The cavity was filled
using a cap, but there was not joining interface between the cap and the substrate; therefore, the
tensile strength of the part decreases. The average tensile modulus reported was 1.71 GPa (248
ksi) with a sample standard deviation of 0.03 GPa (4.35 ksi). The tensile modulus dropped down
by 9.52% when compared to the Type III Full specimen’s modulus.
The Type III with cap and DCM specimens were tested and processed after plotting the
previous specimens’ data. The DCM specimens averaged a tensile strength of 32.5 MPa (4.71 ksi)
with a sample standard deviation of 5.52 MPa (0.80 ksi). This represents a 12.8% increase with
respect to the Type III No DCM specimen’s tensile strength. The tensile modulus average was
reported at 1.59 GPa (231 ksi) with a sample standard deviation of 0.06 GPa (8.70 ksi). The
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cap with DCM traces
creating good adhesion

failure in narrow
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Figure 29 Fractured Type III with Cap and DCM Specimen
modulus represents a drop of 7.01% when compared to the Type III No DCM specimen’s modulus.
The samples all failed in the same region as the No DCM specimens; however, some of these
specimens did show the cap adhered in one side of the specimen (Fig. 29). This means, that the
load was successfully transferred from the plastic substrate unto the inserted cap. Since not all
specimens showed this behavior, a better manufacturing method must be established, or a different
solvent selection is needed to ease the control of the PC solution inside the printer.
Nonetheless, a statistical hypothesis test (two-tailed t-test or t-test) was done to determine
if the DCM treatment was statistically different from not using DCM. The examined property in
this test was tensile strength, as it should increase if a bonding interface between the cap and
substrate is made. Both data samples were first checked for a normal distribution using a normality
test (Anderson-Darling test) using Minitab. Both samples were confirmed to have a normal
distribution, having a P-value of 0.407 for the DCM sample and 0.910 for the No DCM sample
with both being greater than 0.05, which is the significance level used. After checking for a normal
distribution, the t-test was done. The null hypothesis for this test suggests that the mean from the
DCM sample is equal to the mean from the No DCM sample. An alternative hypothesis is made
where the mean of the DCM sample is not equal to the mean from the No DCM sample. The null
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hypothesis rejection criteria were such that the calculated t-value was compared against the critical
t-values for a two-tailed test at the designated significance level α=0.05 and number of degrees of
freedom of ν=6 (calculated assuming a difference in sample variances). The critical t-values
(t0.025,6=±2.447) and the calculated t-value (t0=1.33) failed to reject the null hypothesis since
t0<2.447. Therefore, we can conclude that there is no statistical difference between each sample
means on a significance level α=0.05.
4.2.4 Section Summary
The tensile specimens were all tested, and the data was processed using MATLAB. The
specimens with a connector showed a significant decrease in tensile strength when comparing a
fully printed polycarbonate to the specimens with connectors. The addition of PC solution to these
specimens showed a promising increase in tensile strength; however, the specimens did not fail
using the current testing equipment. Given this, more tensile specimens with only an inserted cap
were manufactured with and without this treatment to characterize the effect of PC solution on
these parts. When the new specimens with PC solution were tested, it was noted that not all

Figure 30 Bar graph with samples' tensile strengths
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specimens had a joint interface between the cap and the plastic substrate. Due to this reason, the
sample’s average tensile strength was not statistically different from the average tensile strength
of the samples without this treatment. In response to this observation, it is advised that the PC
solution should be added in a friendlier environment for the solvent or another solvent with a
higher boiling point should be used instead of DCM. Figure 30 shows a bar graph with all the
samples’ tensile strength and their standard deviations.
4.3 SOLDER SPECIMENS RESULTS
The purpose for these specimens is to validate the soldering process used to create solder
joints between a component and a conducting path. The chosen tests were shear and wire-pullout
tests. The shear test specimen and setup attempt to create a shear load at the solder joint, while the
pullout test specimen and setup apply a normal load to the solder joint.
4.3.1 Shear Specimen Results
The data recorded from these tests was load. These specimens all failed at low loading
conditions (less than 50 N). The average max load reported was 29.9 N (6.72 lbf) with a sample
standard deviation of 1.57 N (0.35 lbf). All shear specimens failed at the mid-length of the wire.
The average max tensile stress reported at the wire is 232 MPa (33.6 ksi) which exceeds the tensile
strength for copper (~210 MPa). The shear stresses the wire-solder interface experienced is
calculated by first determining the area of the interface. In this case, since the copper wire was
completely covered with solder, the area of contact was the wire’s surface area over a length of 5
mm (which is the approximate length of wire soldered to the PCB). The average maximum shear
stress for the solder joint was reported at 4.70 MPa (0.68 ksi), which is lower than the shear
strength of Sn63PB37 (~21.3 MPa). These two stresses show why the specimens’ wire always fail
before the solder joint.
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4.3.2 Pullout Specimen Results
The purpose for these tests is to determine if a load (normal to the soldering pad) applied
by pulling the wire, in said direction, would provoke failure in the wire-solder interface. The
recorded data from these tests was load. The average max load reported was 7.14 N (1.61 lbf) with
a sample standard deviation of 0.51 N (0.11 lbf). The specimens all failed in a similar fashion,
where the solder material failed but the wire-solder interface was adequate. This was confirmed
using an optical microscope, where the wire was examined, and all contained solder bonded to the
Smooth solder surfaces

Bottom, rough surface

Figure 31 Pullout test optical microscope images: PCB - left and wire -right

conductor. This means that the wire-solder interface was stronger than the actual solder material.
Figure 31 shows the images of a specimen’s PCB and wire after the test using optical microscopy.
The PCB after the test (Fig. 31-L) features a semi-cylindrical cavity where the wire was soldered.
The wire after testing (Fig. 31-R) shows two different section: the top section shows a smooth
solder surface whereas the bottom section features a rough solder surface due to some solder
material stayed behind in the PCB.
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Chapter 5
Conclusions and Future Work
5.1 CONCLUSION
The purpose for this document is to provide guidance on manufacturing a multi-functional
3D printed part. The expected goals from this document were to establish a manufacturing process
plan for the M3DS; determine manufacturing threats and design guidelines (e.g. clearances) for
foreign component insertion; characterize the effect of component insertion and cap treatment on
mechanical properties; and validate the soldering process by mechanical tests. An eight-step
general manufacturing process plan was introduced to manufacture multi-functional parts using
the M3DS. These process plan considers different component geometries, where printing is
challenging due to uneven surfaces, and mitigates the issue by introducing a rectangular cap to
cover the component.
The clearance specimens provided insight on cavity clearances for foreign component
insertion. The chosen design clearances considered feedback along the manufacturing process; the
gap measurements between the inserted cap and plastic substrate; and the PC solution flowability
through the clearance gap. The cap insertion for the 0.10 mm specimen required additional effort
to place the cap flush against the surface. Given this, the 0.10 mm clearance was discarded. The
gap measurements showed that the 0.40 mm specimen rotated either after the insertion process or
during the printing process. Given this reason, the 0.40 mm clearance was also discarded. Lastly,
optical imaging confirmed that PC solution was present in all the specimens. Therefore, the
suggested clearances for the insertion of foreign components are 0.20 mm and 0.30 mm (with 0.20
mm being the chosen clearance for the other specimens). Also, with the use of optical microscopy,
layer fusion between newly deposited layers and the cap’s top layers was visually confirmed.
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The tensile specimens revealed that cavities and inserted components decrease the tensile
mechanical performance of the part overall. The specimens with an inserted cap showed a decrease
in tensile strength by 37.8% when compared to a solid- PC printed part. The specimens with a Dsub connector and a cap without treatment showed, once tested, an even higher drop in mechanical
strength. The drop in mechanical strength was from 46.3 MPa down to 19.2 MPa (58.5% drop).
Due to this effect, a solvent welding technique was used to create a direct interface between the
inserted cap and the printed substrate and downsize the effect on tensile strength. This technique
(or treatment) was utilized on identical specimens with a D-sub connector and a cap. The outcome
from this test was an apparent increase in tensile strength; however, it was not quantifiable due to
limitations on maximum load allowed for the load cell (10 kN). The reported average maximum
tensile stress (at max load recorded) was 21.2 MPa. This strength value is an increase of 10.4%
with respect to the specimens with no treatment. This percentage increase in strength is the
minimum percentage increase, meaning that the average maximum tensile stress (at max load
recorded) was taken as the ultimate tensile strength. However, given the specimens’ behavior, it is
expected that the UTS is higher than this recorded tensile stress. Therefore, the minimum
percentage increase from applying a cap treatment was 10.4%.
To determine the exact influence of PC solution on these parts, a repeat of the tensile
specimens with a cap were manufactured with the addition of the cap treatment. It was revealed
that by doing the DCM treatment, the tensile strength for the part increased to 32.5 MPa (a 12.8%
increase from the no treatment cap specimens). A statistical test was done to determine if this
treatment produced a statistically different sample from the not treatment specimens. Given the
low difference in average tensile strength, the test revealed that the treatment process did not
produce a statistically different sample.
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The tensile specimens with a cap and with/without treatment all failed around the same
region, the gap between the cap and substrate. The cross-sections of the failed specimens that
underwent treatment revealed that the PC solution did not flow evenly in all specimens. Only two
of five specimens showed traces of solidified PC solution in the gap region. Due to this, it is
strongly suggested to re-test another batch of specimens where the PC solution uses a different
solvent with a higher boiling point (to ease control of PC solution), or the process is done outside
of the printer and returned to finish the print job (to ensure the solution infiltrates the gap before
evaporating).
Lastly, the solder specimens validated the soldering procedures followed to create solder
joints between a component (e.g. PCB) and an embedded conductive path (e.g. copper wire). The
shear test revealed that if a load were to be applied to the copper wire, creating a shear load at the
wire-solder interface, the wire would fail in tension before the joint fails in shear. The pullout test
showed that if a load were to be applied normal to the wire-solder interface, the solder would fail
instead of the interface. This was confirmed by optical imaging were the copper wires show solder
traces after testing. Therefore, the solder failed and not the wire-solder interface.
5.2 FUTURE WORKS
The established manufacturing process plan uses a prismatic cap to cover uneven surfaces
where printing can be challenging. The use of different cap geometries to reduce the cavity’s crosssectional area normal to the loading direction can increase the part’s overall mechanical strength.
The use of locking or aligning features (e.g. pins) for the cap was not investigated; therefore, this
subject should also be investigated. The inclusion of these features can improve the cap-tosubstrate interface and enhance the mechanical strength of the part.
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The use of different methods to carry out the PC solution treatment is also of interest. The
current method of carrying out the treatment inside the printer oven proved to be difficult ass the
PC solution solvent evaporated quickly. Carrying out this process outside of the hot printing
environment could ease the cap treatment process and allow the PC solution to infiltrate the gap
properly. Another change to the current treatment process is changing the PC solution. Instead of
using DCM as the solvent for PC, methyl ethyl ketone (MEK) or ethylene dichloride (EDC) could
be used to dissolve PC. DCM has a low boiling point (40°C), and it evaporates quickly inside the
printer oven. MEK and EDC have higher boiling points (80°C and 84°C, respectively) which can
ease the treatment process and allow the solution to infiltrate the gap. Any of these changes can
lead to a change in mechanical strength performance and another statistical test should be done to
determine if there is a statistical difference in means between specimens with treatment and
without treatment.
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Appendix
APPENDIX A

Figure 32 D-sub drawing (courtesy of Digi-Key)
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Figure 33 Type 3 tensile specimen with cap cavity drawing
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Figure 34 Type 3 tensile specimen with D-sub and cap cavities drawing
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Figure 35 ASTM D638 Type 3 tensile specimen drawing
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Figure 36 Solder specimen printed substrate drawing
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Figure 37 Solder specimen PCB drawing
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Figure 38 Clearance specimen drawing
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Figure 39 Cap drawing
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APPENDIX B

Figure 40 Full specimens’ stress-strain diagrams
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Figure 41 D-sub and cap with no DCM specimens’ stress-strain diagrams
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Figure 42 D-sub and cap with DCM specimens’ stress-strain diagrams (up to max load)
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Figure 43 Cap with no DCM specimens’ stress-strain diagrams
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Figure 44 Cap with DCM specimens’ stress-strain diagrams
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APPENDIX C
PC solution
solvent weld

PC solution
solvent welds

Empty Zdirection cavity

Figure 45 0.20 mm clearance specimen OGP cross-sectional images
PC solution
solvent weld

PC solution
solvent welds

Empty Zdirection cavity

Figure 46 0.20 mm clearance specimen optical microscope cross-sectional images
PC solution
solvent welds

PC solution
solvent weld

Empty Zdirection cavity

Figure 47 0.30 mm clearance specimen OGP cross-sectional images
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PC solution
solvent weld

Empty Zdirection cavity

Figure 48 0.30 mm clearance specimen optical microscope cross-sectional images
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APPENDIX D
Table 5 Process plan template Excel sheet
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